In recent years the field of sensor technology has developed enormously, and biosensors in particular have attracted increased interest. This can be attributed to an extended demand for sensor devices for monitoring and control in biotechnology, the food industry, in the biomedical field, and in environmental analysis. Being highly sensitive and specific, biosensors provide an attractive alternative to conventional analytical methods, since at the same time, they can be considerably less expensive.
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A chemical sensor or biosensor consists of a recognition element in close contact with a transducer. T h e recognition element is responsible for the specific binding of the target analyte in a sometimes very complex sample. T h e transducer translates the signal produced upon analyte binding (and eventually conversion) into a quantifiable output signal. Biosensors generally rely on specific recognition by biomolecules such as antibodies or enzymes. They have the potential to meet the analytical demands for a vast range of target analytes, and with the advent of phage display antibody libraries [ 11 or recombinant antibodies [2], a suitable recognition element can often be found even in cases where a natural receptor does not exist. However, a major drawback of biomolecules is their poor chemical and physical stability, thus resulting in a lack of storage endurance and operational stability of biological sensing devices. This is one of the reasons why artificial receptors are attracting increasing interest.
There have been nurnerous attempts to replace natural receptors with smaller, more stable counterparts. This has led, for instance, to 
Molecular imprinting
Molecular imprinting of synthetic polymers is a process where functional and cross-linking monomers are co-polymerized in the presence of the target analyte, which acts as a molecular template (Figure 1 ). Before polymerization, the functional monomers either form a complex with the template via non-covalent interactions, or are covalently coupled thus forming a polymerizable derivative of the template. After polymerization, the functional groups of the monomers arc held in position by the highly cross-linked polymcric structure. Subsequent removal of the template by solvent extraction or chemical cleavage reveals binding sites which are complementary in size and shape to the analyte. In this way, a molecular memory is introduced in the polymer which is now capable of rebinding the analyte with a very high specificity. T h e binding sites often have affinities and selectivities approaching those of antibody-antigen systems, arid have been dubbed 'antibody binding mimics ' [8] . These mimics display some clear advantages over real antibodies for sensor technology: due to their highly cross-linked nature, MIPs are intrinsically stable and robust, facilitating their application in extreme environments, such as in the presence of acids, bases or metal ions, in organic solvents, or at high temperatures and pressures. Moreover, Volume 27 they are cheap to produce and can be stored in a dry state at room temperature tor long periods of time. It is therefore not surprising that there is a strong development towards the use of MIPs as recognition elements in biomimetic sensors.
Molecularly imprinted polymers can be prepared in a variety of forms to suit the final application desired. The majority of these are based on organic polymers synthesized from functional and cross-linking monomers having vinylic or acrylic groups, although other materials such as silica have also been used. In most cases, the polymerization mixture contains a porogenic solvent, thus generating a highly porous structure that allows the template to be eluted and the imprinting sites to be accessed by the analyte.
A common method for preparing MIPs is via solution polymerization followed by mechanical grinding of the monolithic block generated to give small, molecularly imprinted particles, usually in the micron-scale range. If required, sizing of the particles through sieving and/or sedimentation can then be performed. As an alternative, particles can be prepared by suspension polymerization of imprinting mixtures in liquid perfluorocarbon continuous phases [9] . This yields spherical beads of controlled, regular diameters down to approx. 5 pm. A rather simple method for the preparation of imprinted supports not requiring processing is dispersion polymerization [ 101. If no stabilizers are used, random aggregates or precipitates are obtained, otherwise monodisperse beads can be produced. For some applications, the polymerization can be performed in situ, for example directly inside a chromatography column [ l l ] or in a capillary The polymer is specific for dansyl-t -phenylalanine. Methacrylic acid and 2-vinylpyridine were used as the functional monomers
Dansyl-L-Phe
[12]. One final format, which is particularly suitable for sensor applications, involves imprinted membranes. These can be prepared as thin cross-linked imprinted polymer layers [ 131, or solutions of linear polymers are precipitated in the presence of the analyte by a non-solvent to yield a membrane [14] .
One of the many attractive features of the molecular imprinting method is that it can be applied to a diverse range of analytes [5, 15] . The imprinting of small, organic molecules (e.g. pharmaceuticals, pesticides, amino acids and peptides, nucleotide bases, steroids and sugars) is now well established and considered almost routine. Metal ions and large organic compounds (e.g. peptides) can also be imprinted via similar approaches. The imprinting of much larger analytes, e.g. proteins [16, 17] and cells [18] , which is in principle and in practice more difficult to achieve, has also now been demonstrated to be feasible. Based on investigations aiming to combine imprinting and sensor technology, a patent for a biomimetic sensor employing a MIP as the recognition element was filed by the group of Mosbach in 1991 [23] . Later, the development of a sensor based on a field-effect capacitor containing a MIP was reported by the same group in collaboration with the group of Lundstrom [ 131. After these first attempts, a large number of reports appeared describing MIP-based sensors using different transducers.
Imprinted polymers in sensors
In analogy to biosensors, in MIP-based sensors the signal is generated upon binding of the analyte to the recognition element, here the MIP. Certain general properties of the analyte, or changes in one or more physiochemical parameters of the system upon analyte binding, are used for detection. This is beneficial because the principle is widely applicable and more or less independent of the nature of the analyte. Reporter groups may be incorporated into the P I .
polymer to generate or enhance the sensor response. In other cases, the analyte may possess a specific property that can be taken advantage of for the design of a MIP-based sensor. Table 1 summarizes different sensing principles employed with MIPs.
General sensor formats
During some early attempts at using MIPs in sensors, ellipsometric measurements on thin Vitamin K,-imprinted polymer layers were performed [24] . Other sensor-like systems include the measurement of change in the electrical streaming potential over a HPLC column packed with a MIP [25] as well as permeability studies of imprinted polymer membranes [26] . The first reported integrated sensor based on a MIP was a capacitance sensor. A field-effect capacitor was prepared containing a thin phenylalanine anilideimprinted polymer membrane (Figure 2a) . Binding of the analyte resulted in a change in capacitance of the device, thus allowing for the detection of the analyte in a qualitative manner Recently, mass-sensitive transducers have been introduced. A surface-acoustic wave oscillator or a quartz microbalance were coated with thin layers of polymer [27] . Although the polymer was not imprinted in the classical sense, it may be called 'solvent-imprinted', as its structure was influenced by the solvent present during polymerization. It was shown that the imprinting solvent was preferentially taken up by the polymer, resulting in a mass change at the oscillator surface. Analyte accumulation at the sensor surface can also be detected by optical means. For example, a MIP was used in a surface plasmon resonance device for the measurement of the drugs theophylline and caffeine [28] .
One of the most general detection principles is calorimetry. Molecular binding events usually result in an enthalpy change, and thus it should be possible to measure analyte binding to an imprinted polymer by using microcalorimetry. Even though as yet there is no report on a MIPbased calorimetric sensor, such systems are nevertheless highly promising owing to their general applicability. Recent work from our laboratory indicates that adsorption of the herbicide 2,4-dichlorophenoxyacetic acid to a MIP can be quantified by isothermal titration calorimetry, at analyte concentrations in the micromolar ~3 1 . range, using milligram quantities of the polymer (K. Kaupt, unpublished work).
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The analyte generates the signal
If the target analyte exhibits a special property such as fluorescence or electrochemical activity, highly specific sensors can be designed based on MIPS. For example, an amperometric morphine sensor was developed where the analyte morphine was selectively enriched on a MIP, and subsequently quantified by electro-oxidation [29] . Other sensors were developed based on conductometric transducers [30,3 13, where an increased local concentration of a charged analyte (due to binding to the MIP located on the transducer surface) was translated into an electrical signal. Optical sensors that detect fluorescent analytes belong to the same group. For example, a fluorescence sensor for the model analyte dansylphenylalanine has been developed [32] . The fluorescence signal generated upon binding of the analyte to a MIP was measured using fibreoptics ( Figure Zb) , and the signal was found to be a function of the analyte concentration. Moreover, the sensor showed a certain degree of chiral selectivity for the I.-form of the analyte, which was the original template molecule.
If the analyte itself does not have the electrochemical or optical properties necessary for detection, a competitive or displacement sensor format may be the solution. A labelled analyte is used which binds to the MIP, but which can subsequently be displaced and quantified upon binding of the unlabelled analyte. This approach was used in a chromatography-based sensing device for chloramphenicol [33] . A chloramphenicol-methyl red conjugate is circulated in a HPLC-system and bound to a chloramphenicolimprinted polymer column. Injection of the analyte displaces some of the conjugate from the column, thus generating a peak in the UV monitor. If the analyte cannot be labelled easily, a non-related probe that can bind to the imprinted sites in the polymer can sometimes be used instead [ 341.
The polymer generates the signal
In a different approach the signal is generated by the polymer itself. One example is a glucosesensing polymer that works in ligand-exchange mode [35] . A complex of a polymerizable copper chelate and methylglucoside was used during preparation of the polymer. Extraction of copper and methylglucoside from the polymer and subsequent reloading with copper yielded the active form of the polymer. Addition of the analyte glucose resulted in its co-ordination to the metal chelate accompanied by proton release, which was a function of analyte concentration and could be quantified by simple pH measurements.
Recently, an optical sensor format has been proposed where fluorescent reporter groups are incorporated into the MIP, the properties of which are altered upon analyte binding [36, 37] . For example, a fluorescent functional monomer has been used to prepare a polymer imprinted with cyclic AMP [37] . Upon binding to the . Again, a polymerizable derivative of the reporter group was used as the functional monomer and incorporated into the imprinted sites. Binding of the analyte 9-ethyladenine then resulted in a shift in the visible absorption spectrum of the polymer.
Although the above systems have not yet been applied to construct integrated sensors, they appear promising since they are less dependent on the nature of the analyte.
Future developments
Imprinted polymers exhibiting, at the same time, electrical conductivity would facilitate their assembly with the transducer in an integrated device, in particular in combination with electrochemical transducers. In this context, the preparation of composite particles containing an electrically conducting polymer (polypyrrole) and a MIP specific for morphine should be mentioned [39] . T h e recognition properties of the MIP were not significantly altered by the harsh treatment during the manufacturing procedure of the composite particles. Moreover, they could be immobilized by simultaneous electropolymerization of pyrrole on to gold-covered silica substrates, thus demonstrating that integration between the recognition sites and the transducer can be readily achieved. In some biosensors, enzymes are involved as the recognition element and/or for the generation or amplification of the signal. They are often superior to sensors in which the signal is only due to the binding event itself. Analyte conversion and turnover result in an increased sensitivity and lower interference by non-specific binding. There are some obvious parallels to MIP-based sensors, i.e. if the polymer is catalytic, a similar approach could be used. In an early attempt to create MIPS with catalytic activity, imprints of a substrate analogue were made, and the resulting polymer was able to hydrolyse the p-nitrophenyl ester of an amino acid [40] . Since then, several reports on catalytic MIPs using substrate, transition state or product analogues as the template have followed [41-441. Although the rate enhancements achieved are still modest compared with enzymes, the MIPs showed better catalysis of the reactions than non-imprinted reference polymers, and their application in sensor technology therefore appears promising.
Certain transducers based on, for example, electrochemistry or capacitance, allow for the preparation of array structures containing several MIPs with different specificities. In consequence, the development of microprocessor-controlled Volume 27 multisensing devices that detect several analytes simultaneously seems to be possible in the near future.
An important aspect in the development of sensor technology is the need for mass-produced and low-cost (disposable) transducers [45] . This is especially relevant for environmental and biomedical analysis, and the ease of preparation of MIPs makes them especially attractive for such devices. In terms of sensitivity, MIP-based biomimetic sensors are currently inferior to biosensors by two to three orders of magnitude. Although this situation will certainly improve through further optimization of the MIPs and the transducers, such sensors will probably find their own niche of application. The outstanding stability of MIPs, their low price, but also the fact that they can be tailor-made for analytes for which a biological receptor cannot be found, will thereby be particularly appreciated. 
